Introduction
A flash of lightning is one of the most familiar, widely recognized and seriously hazardous natural phenomena, which can be defined as a long electric discharge with a transient duration of about 0.5 s, a strong current of up to 50-100 kA and a high voltage of up to 250-1500 kV. A lightning strike on an aircraft can give rise to direct effects such as structural damage caused by thermal shock, and indirect effects such as electromagnetic interference with electronic equipment. Lightning strike zones of aircraft surfaces are defined by experiment for different current components in order to estimate the probability of lightning attachment. In addition, a large number of composite materials used in aircraft structures are sensitive to lightning strikes, especially carbon fiber/epoxy composite materials, which will increase the probability of lightning attachment [1, 2] . Aircraft lightning damage is likely to accelerate due to lightning swept stroke and long dwell times of lightning arc attachment [3] . Therefore, lightning strikes pose a severe threat to aircraft safety, which needs to be seriously considered in aircraft design [4] .
As a strong external electromagnetic environment for aircraft, it is indispensable to investigate lightning discharge evolution. Research on lightning discharge has been aided by improvements in observation technology: lightning location systems can report when and where a lightning discharge occurred [5] ; radar measurements and high-speed digital cameras can help with studying the causal mechanism and physical properties of lightning; and, in addition, a lightning flash can be triggered artificially by means of the rocket-andwire technique, which makes it possible to investigate natural lightning by studying long gap discharge in the laboratory. In this way, a laboratory experiment involving long gap discharge is often regarded as a miniature model of natural lightningbut this kind of experiment is very expensive and difficult to achieve [6] .
Various discharge models, and especially probability models, have been proposed to simulate long gap discharge. Given that lightning discharge is random, probabilistic models based on probability theory [7] are better than physical models based on physical law [8] for calculating the propagation mechanism of a lightning channel. For example, the open source lightning model proposed by Gulyás and Szedenik [9] can be used to describe all processes of lightning strikes, including the corona inception, downward-propagating leader, upward-moving leader and return strike. Although these probabilistic models can reflect the geometrical characteristics of the lightning path, the temperature, current and magnetic field of the lightning arc channel cannot be taken into account.
A lightning flash occurs along with an electromagnetic field, Joule heating, a shock wave and radiation transfer, which is a complicated process involving multi-physical fields. Air in the lightning channel is converted into thermal plasma due to the high temperature, and the lightning channel can be treated as hot expanding plasma columns. To some extent, plasma can be approximately regarded as a fluid, and a lightning arc can be treated as an electrically conducting fluid [10] . The relationship between an electromagnetic field and an electrically conducting fluid can be described by magnetohydrodynamics (MHD) and electrohydrodynamics [11] , which are widely used to study plasmas, conducting fluids and nanofluids. Hatami et al [12] [13] [14] studied the heat transfer characteristics of nanofluids in a wavy-wall enclosure, a quarter-circular enclosure and a wavy direct absorber solar collector under magnetic effects. Much research work has been done on the mechanisms and characteristics of electric arcs based on the MHD method.
Due to a lack of realistic boundary conditions, a twodimensional model of a free-burning argon arc was presented by Hsu et al [15] , and the boundary conditions were determined by comparing experimental data with numerical results. Considering metal vapor from anode vaporization, Lago et al [16, 17] studied the interaction between an electric arc and the anode material by means of numerical simulation, and analyzed the influence of external forces, such as cross flow or a magnetic field, on arc deflection. Then, a threedimensional model was proposed to describe the interaction between a short arc and a composite plate with a gap of 5 mm, and this was used to represent a lightning strike on aircraft [18] . Chemartin et al [19, 20] simulated part of a lightning channel arc subjected to a 200 A steady current under the periodic assumption, and analyzed the influence of altitude. The results showed that the lightning channel has a chaotic motion around the mean axis and the effect of altitude can be ignored. In addition, Chemartin et al [21, 22] introduced some features of lightning arcs observed in flight or in the laboratory, and studied the interaction between an unsteady electric arc and electrodes, concluding that the complex geometry of an electrode can result in fluctuation of the arc column. To investigate the phenomenon of lightning swept stroke caused by aerodynamic flow effects, Tholin et al simulated the process of a direct current (DC) arc moving along the surface of an aluminum plate using a numerical approach based on the MHD method and focused on studying the influence of dwell time [23] .
The MHD model has been widely used in simulating electric arcs and is gradually being applied to long gap discharges. But it is seldom applied to simulate the formation process of lightning channels considering multi-physics field effects. Using a lightning strike device, a discharge model of a negative rod−plate air gap is established in this paper, which is focused on studying the electric, magnetic and thermal characteristics of a lightning arc channel. The governing equations and simulation flow chart of the MHD model are presented in section 2. A two-dimensional model of the electric arc is presented in section 3, whose aim is to validate the method feasibility and program correctness. In section 4, a three-dimensional model of a positive rod −plate gap discharge and the corresponding results are presented. At the end of the paper, our conclusions are summarized.
Numerical model of the lightning channel

Assumptions
A lightning channel is composed of a thermal plasma, which can be treated as a fluid with high current density. The MHD model is a feasible method to describe the mutual interaction between an electromagnetic field and an electrically conducting fluid. MHD equations consist of Navier-Stokes (N−S) equations, to describe fluid characteristics, and the Maxwell equations to calculate the electric and magnetic fields of the arc column. There are some assumptions, especially for local thermodynamic equilibrium (LTE), which are required before using the MHD approach to model a lightning arc channel.
Lightning discharge usually begins with corona inception, and subsequently develops into a plasma channel due to the Joule heating effect, which results from the high intensity of the electric field near the avalanche. The transfer of kinetic and heat energy becomes faster and tends to be closer to equilibrium with increasing electric field intensity, which promotes electron collisions in the lightning channel. In this case, particles' velocity can be approximately expressed by the Maxwell law of velocity distribution. In fact, the electrons' temperature is a little higher than that of heavy particles near the electrodes, which means that the plasma departs from LTE slightly. Some scholars [24] suggest that arc plasma is supposed to be in a thermal non-equilibrium state. However, it is hard to calculate the transport coefficients of a thermal plasma. So, it is commonly assumed that the plasma is at the same temperature and that the arc column is in LTE, which is a reasonable approximation for the electric arc channel.
According to the LTE hypothesis, all kinds of particles have the same temperature and thus the arc column can be regarded as having a Newtonian single-phase flow. The thermodynamic and transport coefficients of a thermal plasma can be defined as temperature functions using the Chapman−Enskog method [25] . In order to save computational time, the plasma is usually treated as continuous and having incompressible flow. The effect of gravity can be neglected.
The governing equations
The general expression of the non-stationary conservation equation can be written as
), velocity vector (m s −1 ), scalar variable to be solved, source terms and diffusion coefficient of Φ, respectively. Therefore, the mass equation of continuity is written as in equation (2). For incompressible flow, the momentum conservation law can be expressed by equation (3), in which the Lorentz force    J B resulting from mutual interaction between current density J (A m −2 ) and inductive magnetic field B (T) within an arc column is added as a source term to momentum source [26] . Joule heating ⋅    J E is generated by passing electric current through the arc channel, which can be added to energy conservation equation (4) as internal energy [27, 28] .
where H, P, τ, S M and E are enthalpy (J kg
), pressure (Pa), deviatoric stress tensor, momentum source and electric field (V m −1 ), respectively. Under the assumption of LTE, dynamical viscosity μ (Pa·S), thermal conductivity λ (W (m·K) −1 ) and specific heat C p (J (kg·K) −1 ) all depend on temperature [25] . The radiative losing term S R (W m −3 ) can be given by 4π·ε N . The net emission coefficient ε N of air thermal plasmas can be expressed as a function of temperature, and was calculated by Naghizadeh-Kashani et al [29] .
In momentum and energy conservation equations, the Lorentz force and Joule heating are relevant to J, E and B, all of which can be described by the basic laws of electromagnetism. Generally, there are two methods for evaluating J. One is through resolving the electric potential equation and the other is through solving the magnetic induction equation. E is mainly generated by electric potential. But the time-varying magnetic field can give rise to a Neumann electromotive field when charges in the arc column are in motion. Chemartin et al [22] assume that electromotive field ¶ ¶    ( ) A t , compared with the electric field j   ( ), can be neglected when the current in the arc column is steady. Thus E can be approximately expressed by equation (5) . The relationship between J and E is expressed by Ohm's law in equation (6) , in which σ (S m −1 ) is electrical conductivity. Besides, J has to obey the current conservation law presented in equation (7) for zero divergence when the current is steady. Thus potential j (V) is expressed by equation (8) .
The Maxwell−Ampere equation is expressed by equation (9), in which displacement current ¶ ¶  E t can give rise to a magnetic field. But the magnetic field can be neglected when the current in the arc column is close to constant as represented by equation (10) . B can be expressed as the curl of the magnetic vector potential  A, which is presented in equation (11) . Therefore,  A can be given by the Poisson equation (12), based on the Kulum condition presented in equation (13) .
where μ 0 is vacuum permittivity and its value is 4π×10
Equations (2)- (13) describing thermal plasma dynamics can be solved by numerical simulation. The MHD equations as an adding module are provided by FLUENT software, which is generally applied to analyze the behavior of electrically conducting fluids under the influence of an externally imposed magnetic field. Considering that the electromagnetic field is non-constant in time history, and the transport coefficients of the thermal plasma vary with temperature, it is necessary to expand these functions of FLUENT through secondary program development. By introducing a set of user-defined functions (UDFs) written in C programming language, momentum source and energy source can be modified, and also the LTE transport coefficients of the thermal plasma can be added as functions. Additionally, reasonable boundary conditions are introduced so that the MHD equations can be solved using the control volume method.
Numerical simulation of the lightning electric arc is mainly based on the computational fluid dynamics (CFD) software FLUENT, and further development is achieved using the C programming language. For incompressible laminar flow, the pressure-based solver and the SIMPLIC scheme are adopted to realize spatial discretization of the momentum and continuity equations. Physical properties of the thermal air plasma should be added as temperature functions with UDFs, which is the premise on which to calculate the entire field at the beginning of every time step. Expressions for the Lorentz force and Joule heating can be found by calculating electric field, current density and magnetic field from the Maxwell equations. By solving the N−S equations under the given boundary conditions, the pressure, velocity and temperature distribution in the whole computational domain can be obtained. A flow chart for solving MHD equations is shown in figure 1. 3. Two-dimensional DC free-burning arc
Model and boundary conditions
The calculation domain and finite meshes of a two-dimensional free-burning arc are shown in figure 2. In this model, the cathode tip is flattened and the angle of the electrode cone is 60°. The length of the discharge gap is 10 mm from cathode tip to anode surface. The meshes are refined near the electrode, and there are 6803 elements in the whole calculation domain. Here, we focus on studying the characteristics of the arc plasma, in which the interaction effect between arc plasma and electrode is neglected. Boundary conditions for the arc plasma are mainly set with reference to those proposed by Hsu et al [15] , due to the lack of realistic boundary conditions. In particular, the boundary condition for current density is determined by means of experiment, and plays a decisive role in the numerical results. The corresponding boundary conditions are given in table 1. For contrast convenience, the current is taken as 200 A and the current density applied to the electrode tip can be expressed by the following equation:
where J max is 1.2×108 A m −2 and the value of constant b can be calculated from equation (15) 
where R c is the cut off radius and selected as 3 mm here [15] .
Results and validation
The temperature distributions of argon arc and air arc plasma columns are shown in figure 3 , which are a typical bell shape due to impingement on the anode and flow stagnation. In this figure, it is shown that the isothermal temperature is higher than 10 000 K due to serious deviation from the LTE assumption when the temperature is below 10 000 K. Arising in the place close to the cathode, the maximum temperature of the argon and air arcs are 220 406 K and 22 228 K, respectively. The values are in the same order of magnitude as the maximum temperature 21 700 K calculated by Lago et al [16] . In order to verify the accuracy and rationality of our program code, calculation results are compared with available data in the literature. The temperature field comparison of the argon arc in this model and the free-burning high-intensity argon arc measured by Hsu et al [15] is shown in figure 4 (left: experimental measurement by Hsu et al; right: the present work). The radius of the argon arc, defined by the position of the 11 000 K isothermal, is about 0.5 mm on the right and about 0.6 mm on the left. Overall, the temperature distribution of the arc plasma as calculated by the numerical method is consistent with that from experiment, but there are some deviations along the symmetrical axis.
Velocity distribution in the axial direction is shown in figure 5 . The velocity of the arc plasma is equal to zero on the cathode tip where z is 0 mm and on the anode surface where z is 10 mm. It is found that the maximum axial velocity of the air arc is 418 m s −1 , which is higher than that of the argon arc measured by Hsu et al. However, the maximum axial velocity and the trend in velocity change of the argon arc calculated in this paper are close to those of the argon arc simulated by Lago et al for the same boundary conditions. Overall, the axial velocity distribution trends for the air arc and the argon arc are similar. 
The difference may be a result of two things. The first is that the electrical conductivity and net emission coefficient of the air arc are different to those of the argon arc. The second is that neglecting the melt and vaporization of the anode material can influence the conductive properties of the plasma. According to Goodarzi et al [30] , the angle of the cathode tip will influence the axial velocity of the arc plasma. For convenience, to impose boundary conditions, a cathode tip with a flat area is adopted in our model, while a pointed end is adopted in the model used by Hsu et al. Besides, it is possible that the current density profile could be applied on the cathode tip, which is the most sensitive boundary condition and may lead to different results.
According to the above analysis, the temperature and axial velocity of the argon arc in this paper are very close to those of electric arcs in the available literature. Distribution trends of both the air arc and the argon arc are similar. It can be concluded that a calculation program based on the MHD method is correct and feasible, and it can not only be applied to the simulation of argon arc plasma, but also to simulating thermal air plasma in order to study air discharge. Here, we attempt to simulate an air arc plasma in order to study the formation of a lightning channel.
Three-dimensional lightning arc plasma
Three-dimensional model and boundary conditions
Our lightning test device is shown in figure 6 [31] . The geometrical model used to simulate the electric arc is presented in figure 7 . The cathode tip is flattened and the angle of the electrode cone is 60°. According to SAE (Society of Automotive Engineers) standards, the discharge gap between cathode tip and anode surface is 50 mm. The thickness of the copper plate is 5 mm and the finite meshes of this model are shown in figure 8 . A lightning test indicates that the electric arc evolves into an expansion radius of about 50 mm, so the computational domain can be defined as a cylinder with 75 mm radius. The computing meshes are generated by ANSYS/ICEM software and a non-uniform hexahedral mesh is used in the whole computational domain. In order to improve simulation accuracy, the method of local mesh refinement is applied in the regions close to the cathode wall or anode surface. The minimum mesh size is 0.15 mm and there are 148 632 hexahedra elements in the whole computational domain.
An idealized current waveform as input load is used to represent the natural lightning current for evaluating the direct effect of an aircraft lightning strike. It consists of current components A, B, C and D as shown in figure 9 [32] . The first return strike can be represented by current component A, and current component D represents a subsequent strike for direct effect assessments. Current component B represents intermediate current and current component C represents the continuous current caused by a lightning strike of long duration. Through analysis of the lightning strike, it is found that the lightning channel has the obvious characteristics of an electric arc during continuous phase C, in which the current measured in flight has been maintained at 200-800 A from 200 ms to 1 s [21] .
What merits attention are the boundary conditions. In particular, current potential is a crucial factor affecting the calculation results. The profile of the current density in the cathode tip is demonstrated to be a Gaussian distribution with maximum value 1.2 × 108 A m −2 at the center when current is equal to 200 A. The boundary conditions of the whole computational domain used in the three-dimensional lightning arc model are given in table 2. Since we are simulating a lightning arc in open air, the boundary conditions for velocity and pressure are treated as Dirichlet boundary conditions. Concerning thermal boundary conditions, temperature is set to 3500 K at the electrode tip, and the zero heat flux condition is imposed on other surfaces. 
Results and discussion
The three-dimensional model of a lightning arc channel is simulated using CFD software FLUENT. For laminar flow, the SIMPLIEC algorithm is used to solve the MHD equations, which can obtain a converged solution more quickly. The second-order upwind discretization scheme is chosen to solve the user-defined scalars of potential j and magnetic vector potential  A. It is effective at improving stability and convergence by reducing the under-relaxation factors. In order to initiate the lightning arc, a high-temperature region of about 6000 K in a 4 mm-diameter cylinder needs to form from the cathode tip to the copper plate, before the program starts running. The time step size Δt is set to 1×10 −7 s. At typical timescales, the transient behavior and temperature distribution of the arc channel are shown in figure 10 . Temperature in the vicinity of the cathode tip and close to the anode plate is relatively higher than that of other regions because of the influence of the electrode. It is found that the temperature of the arc channel gradually decreases from the center to the periphery. The maximum value is about 20 000 K in the middle. As mentioned previously, the heat energy of the thermal plasma arc results from the Joule heating effect and thermal radiation loss. Therefore, the temperature distribution characteristics of the arc channel can be attributed to Joule heating, heat radiation and current density, which gradually decreases along the radial direction.
The initial attachment of the lightning channel occurred at 340 μs. The temperature gradient and velocity distribution in the local region are shown in figure 11(b) . The hottest region appears in the center of the channel close to the anode plate and the maximum value is 23 000 K. By comparing this with the results of the plasma jet test shown in figure 11(a) [22], it is found that the electric arc channel is symmetrical, with slight tortuosity. To some extent, the tortuosity and evolution of the arc channel are driven by the Lorentz force. Velocity is zero at both ends of the arc channel, and the maximum velocity is 650 m s −1 in the hottest region. It can be seen that the arc channel comes into expansion on the anode surface due to thermal plasma stagnation. Besides, pressure in the computational domain can be calculated from the momentum equation. Pressure distribution at the interface of air and anode plate is shown in figure 12 . The lightning arc channel develops from cathode to anode with supersonic speed. Therefore, there exists impingement on the copper plate when the arc channel comes into contact with the anode plate, which causes local overpressure on the surface at the same time. Simulation results indicate that the maximal pressure is located in the central area where temperature is higher. Temperature variation in the arc channel is related to the j distribution, as shown in figure 13 . It can be noted that j decreases gradually from inside to out, and the maximum value of −243.496 V appears near the cathode tip. Potential difference !j is about 16 V between adjacent equipotential lines. With the rising temperature, electrical conductivity is greater than 0 S m −1 , which means that the air is ionized and possesses the power to conduct electricity. The difference in electric potential, or energy, between two points tends to make a current move and an arc channel develop downwards.
The profile of the current density along the radial direction at the interface of air and anode plate is demonstrated to be a Gaussian distribution, as shown in figure 14 . Joule heating is related to the square of the current density as J 2 /σ.
Conclusions
The evolution process of a lightning channel under multiphysics field effects is simulated by the MHD method and analyzed using secondary development of FLUENT software. After verifying the feasibility of this method and the program code, we focus on studying the evolution of the lightning arc channel as affected by the Lorentz force and Joule heating. We also study the changing behavior of lightning channel Figure 11 . Temperature gradient and velocity distribution in the local region. 
parameters such as temperature, velocity, pressure, electric potential and current density, which will be used as the input load to evaluate the direct effects of an aircraft lightning strike.
(1) Numerical results of the argon arc modeled by MHD are in agreement with available reference data for a 200 A electric current and 10 mm electrode gap. Through comparison of argon arc and air arc plasma columns, it is found that their shape and temperature are similar. (2) For the three-dimensional lightning channel, results show a cylinder with local expansion and slight tortuosity. The lightning channel develops rapidly from cathode tip to anode plate. There exists expansion on the anode plate surface due to high impingement velocity and thermal plasma stagnation. (3) According to simulation results, the highest temperature appears at the center of the lightning channel where air is converted into thermal plasma. At the attachment point of the lightning arc, the temperature is high enough to make the metal surface melt and vaporize. Pressure can produce local stress concentration on the anode surface. (4) The distributions of potential and current density are obtained to understand the electromagnetic field associated with the lightning arc. Potential decreases gradually from cathode tip to anode. The current density in the lightning arc channel forms a Gaussian-like shape.
